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Abstract

Background—Screening for colorectal cancer (CRC) has been successful in decreasing the
incidence and mortality from CRC. While new screening tests have become available, their
relative impact on CRC outcomes remains unexplored. This study compares the outcomes of
various screening strategies on CRC outcomes.

Methods—A Markov model representing the natural history of CRC was built and validated
against empiric data from screening trials as well as the Microstimulation Screening Analysis
(MISCAN) model. Thirteen screening strategies based on colonoscopy, sigmoidoscopy, computed
tomographic colonography, as well as fecal immunochemical, occult blood, and stool DNA testing
were compared with no screening. A simulated sample of the US general population ages 50 to 75
years with an average risk of CRC was followed for up to 35 years or until death. Effectiveness
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was measured by discounted life years gained and the number of CRCs prevented. Discounted
costs and cost-effectiveness ratios were calculated. A discount rate of 3% was used in calculations.
The study took a societal perspective.

Results—Colonoscopy emerged as the most effective screening strategy with the highest life
years gained (0.022 life years) and CRCs prevented (n = 1068) and the lowest total costs ($2861).
These values were 0.012 life years gained, 574 CRCs prevented, and a total cost of $3164,
respectively, for FOBT,; and 0.011 life years gained, 647 CRCs prevented, and a total cost of
$4296, respectively, for DNA testing. Improved sensitivity or specificity of a screening test for
CRC detection was not sufficient to close the outcomes gap compared with colonoscopy.

Conclusions—Improvement in CRC detection performance is not sufficient to improve
screening outcomes. Special attention must be directed to detecting precancerous adenomas.

Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death in the United States,
with an estimated incidence of 134,490 new cases and 49,190 deaths in 2016. This
represents a decline in incidence and mortality that is primarily attributable to increased
screening and removal of precancerous adenomas, and a smaller but measureable
contribution from risk factor modification and improved treatments!=3. Screening for CRC
can reduce its incidence of colorectal cancer®=7, might result in a stage shift favoring earlier
stage at diagnosis® 9, and has the theoretical benefit of reducing the costs of care.

With rising costs of care for CRC as a result of newer and more expensive drugs and the
improved overall survival as a result of these treatments, screening for CRC becomes even
more important as the alternative becomes increasingly more expensive. A detailed study of
the interactions between downstream societal outcomes of screening and the multitude of
strategies available for screening is only possible through modeling.

To explore these dynamics, we evaluated various CRC screening strategies and compared
them along different sets of measures of effectiveness, costs, and cost effectiveness. We
examined how improved sensitivity and specificity of a screening test for detection of CRC
impacts its effectiveness. We also investigated how one could engineerand define a
hypothetical screening test that would be competitive to the best among these strategies by
exploring the performance characteristics of this hypothetical test for detection of adenomas.

Methods

We used modeling and individual-level simulation (microsimulation) to measure and
compare the benefits of screening for CRC in the US population. The study took a societal
perspective, and costs and effects were discounted at the standard rate of 3%. The model,
assumptions, and analyses conformed to best practices'%11 and to recommendations of the
US Panel on Cost-Effectiveness in Health and Medicinel? and the Agency for Healthcare
Research and Quality.13 Screening test characteristics are summarized in Table 1,24-27 and a
complete list of assumptions and corresponding references is available in the Supplementary
Materials (see online supporting information).
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Study Design

Thirteen screening strategies (ST 1 through ST 13) were compared with no screening as the
referent strategy. Each screening strategy comprised 1 or 2 screening fests that would be
performed over prescribed intervals. The following screening strategies were evaluated:

1) ST 1 Fecal occult blood testing (FOBT) annually

2) ST 2: Fecal immunochemical testing (FIT) annually

3) ST3: FOBT annually and flexible sigmoidoscopy (Flex Sig) every 5 years
4) ST 4: FIT annually and Flex Sig every 5 years

5) ST5: Colonoscopy every 10 years (3 or 5 years, with adenoma)
6) ST6: Flex Sig every 5 years

7 STT7: FOBT 2 (FOBT every other year)

8) ST8: FIT 2 (FIT every other year)

9) STO9: FOBT 2 and Flex Sig every 5 years

10) ST 10: FIT 2 + Flex Sig every 5 years

11) ST 11: DNA (stool DNA testing annually)

12) ST 12: DNA 2 (stool DNA testing every other year)

13) ST 13: Computed tomography (CT) colonography every 10 years

Events, including screening tests, cancer diagnoses, treatment, and mortality, and the
associated costs were recorded. The effectiveness of each screening strategy was measured
in life years (LY) and reductions in cancer incidence and mortality. Costs of screening tests
were based on Centers for Medicare and Medicaid payments and published material in peer-
reviewed articles. A second cost estimate for screening tests that included patient out-of-
pocket expenses was also used.28:29 These cost models were designated cost models A and
B, respectively, and simulations were run using both models.

Costs of cancer therapy were inclusive of the newer therapeutic agents used as part of
standard of care. A Cost Effectiveness Analysis (CEA) was performed and Incremental Cost
Effectiveness Ratios (ICERs) for each strategy calculated.

Study Population

The study population was designed to be representative of the US general population in
terms of age, sex, and risk for CRC using data from Surveillance, Epidemiology, and End
Results (SEER) program.30:31 The incidence of CRC in the non-screened population was
modeled using SEER incidence data from 1990 and 1995 (before the presumed impact of
screening incidence reduction was reflected in the SEER data) and the incidence reduction
attributable to screening was modeled using long-term lower endoscopy data®: 31.
Individuals diagnosed with colorectal cancer were staged in a manner representative of stage
distribution for screened and non-screened populations8: 9 3 as appropriate and treatments
were offered in keeping with standards of care32. Individual preferences for compliance with
screening was modeled using published data for various screening modalities. Mortality,
colorectal cancer specific and non-specific, were modeled based on stage specific mortality
for colorectal cancer8, and US life tables33.
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One hundred thousand individual members of the US population with average risk for
colorectal cancer aged 50 to 75, as described above, were simulated and followed for up to
35 years or until the time of death.

A Markov model was built to represent the CRC incidence and its natural history in
individual members of the US general population. The performance parameters of the
screening tests (ie, sensitivity and specificity), were assumed to be conditionally independent
of repeat screening.2® All positive screening tests for all strategies (except colonoscopy)
resulted in a “diagnostic” colonoscopy. In the event of a negative diagnostic colonoscopy, 2
distinct possibilities were modeled for future screening:

a. Upgrading the screening strategy to colonoscopy in a manner consistent with
colonoscopy based screening strategy (Base Case)

b. Resuming the original screening strategy after a period recommended by
diagnostic colonoscopy (Alternate Case)

In both cases, simulated individuals were subjected to the CRC risk reduction associated
with colonoscopy.3! Stage shift, in the form of a lower probability of distant metastases at
the time of diagnosis for the screened population, was modeled using data from the
literature.®

The impact of adenomas was modeled by attributing the observed incidence reduction
associated with colonoscopy, and sigmoidoscopy to the removal of precancerous adenomas.

All simulations were performed using TreeAge Pro 2015 by TreeAge Software, Inc.

Outcome Measures

Primary and secondary outcome measures were defined as described below.

Effectiveness and Comparative Effectiveness—The primary effectiveness outcome
measure for each strategy was defined in terms of discounted life years.

A secondary effectiveness outcome measure was defined as the total number of “prevented”
CRCs during simulation as a result of screening.

Costs—Discounted total strategy costs, costs of screening, and costs of cancer care were
calculated as cost outcome measures.

Cost Effectiveness—ICERs using discounted, incremental total strategy costs and
incremental life years gained (LY G) were used as the cost-effectiveness outcome measure. A
willingness to pay of $50,000 per LYG was used as a guide to identify the cost-effective
strategies.34:35 If a strategy was not cost-effective, then it was designated as dominated.
Absolute dominance (AD) indicates that the next strategy is more effective and less costly,
and extended dominance (ED) indicates that the next strategy is more effective and costlier
but has a lower ICER.
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Sensitivity and Exploratory Analyses

Several one-way sensitivity analyses were performed. DNA testing is associated with a
modest adenoma detection sensitivity that was included in the analysis to examine the
impact of adenoma detection on effectiveness of the screening strategy®: 23. The effect of
increasing compliance with screening under both Base and Alternate cases was explored. A
sensitivity analysis assuming similar stage distribution for screened and non-screened
populations, rejecting the stage shift assumption, was performed.

To explore the maximal benefits achievable by DNA testing, the sensitivity and specificity of
the DNA test were both set at 100%, and simulations were performed.

To define the characteristics of an ideal screening test, we performed a series of 2-way
analyses to explore how a hypothetical strategy could approach or outperform the most
effective strategy. “Test X” was defined with performance parameters similar to the most
effective stool-testing screening strategy. By using colonoscopy as the benchmark, the
sensitivity of “Test X" for the detection of precancerous polyps was defined relative to that
of colonoscopy with a range from 50% to 100%. A proportionate benefit in terms of
incidence reduction in CRCs for the simulated individuals was given to those screened with
“Test X.” A sensitivity analysis was performed over this range to determine the point at
which “Test X would dominate the most effective screening strategy by being more
effective or rendering it no longer cost effective. Three strategies based on “Test X were
included with screening intervals yearly, every 3 years and every 5 years.

Validation of the Model

The model was validated by comparison of its predictions with empiric data from clinical
studies as well as the widely accepted model for CRC, Microstimulation Screening Analysis
(MISCAN). Schoen et al38 reported an incidence reduction of 26% (95% confidence interval
[CI], 13%—-37%) and a mortality reduction of 21% (95% ClI, 15%-28%), given a compliance
rate of 83%. In this model, when compliance was set at 80%, the percentage of cancer cases
prevented (incidence reduction) increased to 27%, which was within the 95% confidence
interval of Schoen et al, and the mortality risk was reduced by 38%, which was marginally
higher than that reported by Schoen et al.

Given the inevitable difference between a representative sample of the population and the
conditions of a clinical trial, there would be differences, but they would be small and could
be explained by differences in age, comorbidities, follow-up duration, baseline risk,
compliance, and improved cancer survival over the years.

Under near perfect conditions, including enrolling individuals at age 50 years and screening
them with a 100% compliance until age 75, MISCAN predicted 230 LYG per 1000 screened
individuals, an incidence risk reduction of 51.9% and a mortality reduction of 64.6% for
colonoscopy.16:28 These numbers, as predicted by the model, were 137 LYG per 1000
screened individuals, 39% and 46%, respectively. MISCAN investigators in discussing their
results pointed out that their model might overestimate the benefits of screening based on the
set up of their assumptions.2? A more recent published study reporting simulation results
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using MISCAN, shows a smaller benefit size for colonoscopy of 151.6 LYG per 1000
screened individuals aged 65 years.’

For further details, please see Supplementary Materials (see online supporting information).

Unless otherwise specified, the results refer to the Base Case using cost model A.

Effectiveness

Costs

Colonoscopy emerged as the most effective strategy under the base and alternate cases. CT
colonography and flexible sigmoidoscopy were the next 2 most effective strategies,
respectively. DNA testing was more effective than FOBT and FIT by a small margin. The
difference in effectiveness among strategies was modest with a maximum of 0.022
discounted LYG (1.2 weeks) for colonoscopy versus no screening. Screening was associated
with a 5% to 23% relative-risk reduction and a 12% to 34% cancer-specific mortality risk
reduction compared with no screening. The highest risk-reduction levels were associated
with the colonoscopy strategy. The incidence of CRC was lowest for the colonoscopy
strategy, despite performing a colonoscopy for all positive screening tests in the remaining
strategies and accruing the resulting incidence reduction after a negative colonoscopy.
Including the role of adenoma detection in DNA testing strategies improved their
effectiveness by increasing LY G and the number of prevented cancers (Table 2). The results
for the alternate case under cost model A are presented in Table 3.

Many screening strategies had costs that were significantly lower than the costs of treatment
for CRC if no screening was offered. By using cost model A or B, DNA testing strategies
were significantly more expensive than colonoscopy and no screening.

Cost Effectiveness

Colonoscopy dominated all strategies by being the most effective strategy at the lowest cost.
The improvement in effectiveness and reduction in costs as a result of adding adenoma
detection role for DNA testing at the reported 42.4% sensitivity failed to improve their cost
effectiveness to a competitive level by remaining more costly and less effective than
colonoscopy- Figure 1.

The costs of cancer management for DNA testing alone exceeded the total strategy costs for
colonoscopy. Unless the cost of DNA testing was reduced to $29 or less per test and
adenoma detection is included in its performance, DNA testing remained more expensive,
and less effective than colonoscopy.

Tables 2 and 3, which include adenoma detection and enhancing the performance of DNA
testing by setting its sensitivity and specificity for detection of cancer at 100%, failed to
make DNA stool testing competitive with colonoscopy.
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Sensitivity Analyses

With increasing compliance the effectiveness for all strategies increased and total strategy
costs decreased. Colonoscopy remained the most effective strategy and had the lowest total
strategy costs, dominating other strategies.

The baseline analysis included a 7% absolute risk reduction for a diagnosis of metastatic
CRC in individuals undergoing screening. Eliminating this benefit for screening resulted in
negligible changes in the effectiveness of strategies under the base and alternate case
assumptions and cost models A and B. Colonoscopy continued to dominate other strategies
in effectiveness, costs, and cost effectiveness, including DNA testing annually or every other
year, when the adenoma-detection sensitivity was included in the analysis.

Exploratory Analysis and Hypothetical Test X

Under the base and alternate assumptions, using cost models A and B, the sensitivity for
detecting adenoma of 3 strategies based on “Test X performed at intervals of 1, 3, and 5
years was set at 50%, 60%, 70%, 80%, 90%, and 100%; and costs for “Test X" were varied
between $25 and $500 per test at 7 cost points. The results indicated that, except at an
adenoma-detection sensitivity of 100% for “Test X,” despite consistent improvement in its
effectiveness, costs remained a problem, preventing it from dominating colonoscopy. At a
cost per test of $200 or less, “Test X" dominated colonoscopy in 16 of 24 simulations (66%),
and an adenoma-detection sensitivity =70% changed this ratio to 16 of 21 simulations (76%)
(Table 4).

Discussion

Colonoscopy remained the most effective screening strategy across a wide range of
sensitivity analyses. The total costs for colonoscopy were consistently the lowest among all
strategies, making colonoscopy the dominant strategy in terms of effectiveness, costs, and
cost-effectiveness. Choosing a different strategy resulted in lower effectiveness and higher
costs, making such an option undesirable, from clinical, societal or public health
standpoints. However, it must also be stated that choosing an alternative to colonoscopy may
be necessary in day-to-day practice and for individual patients.

DNA stool testing, in its newest iteration (Cologuard), remained too expensive; and, even at
costs approaching zero, it could not dominate colonoscopy in a CEA. This has been a
concern for DNA stool testing.38

Even with higher sensitivity and specificity for detecting CRC compared with colonoscopy,
DNA testing was not as effective as colonoscopy. The reason was traceable to the number of
cancers prevented as a result of the detection of precancerous polyps.

Including a sensitivity of 50% for the detection of adenomas in DNA testing parameters
(slightly higher than the sensitivity published for Cologuard’9:23) started to close this gap.
DNA testing, even at high sensitivities for adenoma detection, could not surpass
colonoscopy with significant margins in terms of effectiveness. This was expected, because
the sensitivity of DNA testing is measured relative to that of colonoscopy as the benchmark.
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Therefore, at higher ends of the cost range for DNA testing, colonoscopy was more cost
effective, although it was minimally less effective.

Stage shift is an interesting part of this picture. Although it is considered a benefit of
screening, the SEER data, at least on the surface, were not reflective of a tangible change
over the years in the frequency of metastatic CRC, regardless of whether it could be
attributed to screening. In baseline analysis, we did include a stage shift, consistent with the
best information available; however, when this effect was removed, the resulting changes
were negligible across a wide range of the sensitivity analyses.

Although CT colonography was dominated by colonoscopy, it would be the next most cost-
effective strategy among the remaining screening strategies. Whereas further research is
needed into the efficacy of CT colonography, the optimal interval for such screening and its
ability to reduce CRC incidence and mortality is warranted, these results indicate that it is an
effective screening tool. Indeed, the US Preventive Services Task Force included CT
colonography in its most recent recommendations.3?

The current results clearly illustrate the challenge investigators face in their efforts to create
a more effective screening test. As a means to achieve that goal, improving the sensitivity
and specificity for detecting invasive cancer is not supported by these results. Instead,
improving performance for the detection of adenomas would result in better outcomes.

It is conceivable that colonoscopy will remain the most effective test for CRC screening and
intervention. It is also conceivable that, for the time being, stool tests may not have the
sensitivity or specificity of colonoscopy for detecting precancerous lesions. However, there
is potential for stool testing to identify cancerous and precancerous lesions even before they
can be detected by colonoscopy; therefore, it remains a very worthwhile area of research.
With increasing sensitivity for precancerous adenoma detection, stool testing can potentially
exceed the sensitivity of colonoscopy, given the estimates that it may miss 10% of polyps.“0

The cost analysis in this study indicates that screening with colonoscopy (and with many
other modalities) resulted in lower overall costs compared with no screening. Although this
is in contrast to the findings of some prior CEAs,38 it is a reflection of the rising costs of
care. In prior models, the costs of care did not include modern treatment options, such as
oxaliplatin and bevacizumab.41:42

It may appear paradoxical that FOBT outperformed FIT, although it is a less sensitive test.
This is because both tests are supplemented with colonoscopy in case of a positive result.
Because FOBT triggers more colonoscopies due to the higher false-positive rate (lower
specificity), more individuals accrue the benefits of colonoscopy.

The sensitivity analysis results indicate that “Test X" at longer intervals, with 100%
compliance and a power to detect adenoma equal to that of colonoscopy, outperformed “Test
X" at shorter intervals across all measures. This intriguing finding was traced to a reduction
in the number of colonoscopies in longer interval applications of “Test X due to fewer
false-positive results.

Cancer. Author manuscript; available in PMC 2019 November 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barzi et al.

Page 9

The magnitude of the screening benefit in terms of LYG, incidence, and cancer mortality
reduction predicted by this model were smaller compared with that predicted by the
MISCAN model.16:28 When adjusted for the differences in assumptions, the predictions of
the current model were in range with those of the MISCAN model.

This study offers insights into what can be achieved by various screening strategies under
specific assumptions. In everyday clinical practice, other realities such as capacity and
access in the healthcare system as well as individual preferences also impact the magnitude
and realization of the expected benefits.

The current study is limited because it is a modeled representation of the prevailing
understanding of screening for CRC in lieu of a direct, head-to-head comparison of the
strategies listed here. The study is also limited by its data sources. The cost assumptions in
the model are derived from the US healthcare system; therefore, costs and cost-effectiveness
results and discussions are primarily applicable within that healthcare system. Care must be
exercised when applying these results to healthcare systems in other countries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Condensed Abstract

Colonoscopy remains the most effective screening tool for colorectal cancer. DNA testing
while interesting is costlier and is not as effective with an effectiveness gap that cannot be
closed by improving the sensitivity and specificity of DNA testing for colorectal cancer.
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CEA Graph

# 5T 5: Colonoscopy (1)

m ST 7: FOBT 2 (AD)

A ST 13: CT Colonography (AD)

» ST 9: FOBT 2 + Flex Sig (AD)

x 5T 6: Flex Sig (AD)

r Y @ 5T 1: FOBT (AD)

+ ST 3: FOBT + Flex Sig (AD)

=ST8:FIT 2 (AD)

= ST 10: FIT 2 + Flex Sig (AD)

* - ST 2: FIT (AD)

W ST 4: FIT + Flex Sig (AD)

A No Screening (Referent Strategy) (AD)
ST 12: DNA 3 [AD)
5T 11: DNA (Sen=1, Ad Sen=0.424) (AD)
ST 11: DNA (AD)
ST 11: DNA (Spe=1, Ad Sen=0.424) [AD)

=5T 11: DNA (Sen=1, Spe=1, Ad Sen=0.424) (AD)

15.195 15.2 15.205 15.21 15.215 15.22
Discounted Life Years

Figure 1.
Cost effectiveness graph.

Colonoscopy was the most effective strategy at the lowest cost (right lower corner of the
graph) and dominated

all other strategies and was ranked number (1).

AD: Abdolute Dominance.

Ad Sen: Sensisitivity for detection of adenoma. Sen: Sensitivity for detection of invasive
cancer. Spe: Specificity for detection of invasive cancer.
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Screening test characteristics used in the analysis.

Table 1:

Page 14

Test Characteristic Value (Range) Varied in Sensitivity Analysis Source

Test Characteristic
Sensitivity of FOBT 0.643 (0.356, 0.86) No 14,15
Sensitivity of FIT 0.818 (0.478, 0.968) No 14, 15
Sensitivity of Colonoscopy 0.95 (0.92, 0.99) No 15-17
Sensitivity of Diagnostic Colonoscopy 0.95 (0.92, 0.99) No 15, 16
Sensitivity of Flex Sig 0.75 (0.72, 0.85) No 15, 18
Sensitivity of DNA 0.923 (0.83, 0.975) No 15,19, 20
Sensitivity of CT Colonography 0.922 (0.84, .93) No 15, 21, 22
Sensitivity of Test X (Set to match DNA) 0.923 (0.83, 0.975) No
Sensitivity of DNA Testing for Adenoma 0.424 (0.389-0.46) No 15, 19, 20
Sensitivity of CT Colonography for Adenoma 0.8 (0.045-1) No 15, 22
Sensitivity of Test X for Adenoma (relative to colonoscopy) 0.5 (0.5-1) No
Specificity of FOBT 0.901 (0.893, 0.908) No 14,15
Specificity of FIT 0.969 (0.964, 0.974) No 14, 15
Specificity of Colonoscopy 0.9(0.9,1) No 15, 16
Specificity of Diagnostic Colonoscopy 0.9(0.9,1) No 15, 16
Specificity of Flex Sig 0.92 (0.92, 1) No 15, 16, 18, 23
Specificity of DNA 0.866 (0.859, 0.872) No 15,19, 20
Specificity of CT Colonography 0.82 (0.796, 0.88) No 15, 21, 22
Specificity of Test X (Set to match DNA) 0.866 (0.859, 0.872) No

Test Compliance

Compliance Referent 1
Compliance with FOBT 0.462 (0.462, 1) Yes 24
Compliance with FIT- extrapolated using FOBT 0.462 (0.462, 1) Yes 24
Compliance with FOBT + Flex Sig- extrapolated using Flex Sig 0.63(0.63, 1) Yes 25
Compliance with FIT + Flex Sig- extrapolated using Flex Sig 0.63(0.63, 1) Yes 25
Compliance with Colonoscopy- extrapolated using Flex Sig 0.63(0.63, 1) Yes 25, 26
Compliance with Flex Sig 0.63(0.63, 1) Yes 25
Compliance with FOBT 2 0.597 (0.597, 1) Yes 24,27
Compliance with FIT 2 0.597 (0.597, 1) Yes 24,27
Compliance with FOBT 2 + Flex Sig 0.63 (0.63, 1) Yes 25
Compliance with FIT 2 + Flex Sig 0.63(0.63,1) Yes 25
Compliance with DNA 1- extrapolated using FOBT 0.462 (0.462, 1) Yes 24
Compliance with DNA 3- extrapolated using FOBT 2 0.597 (0.597, 1) Yes 24,27
Compliance with Test X - extrapolated using FOBT 0.462 (0.462, 1) Yes 24
Compliance with Test X 3 - extrapolated using FOBT 2 0.597 (0.597, 1) Yes 24,27
Compliance with Test X 5- extrapolated using Flex Sig 0.63(0.63, 1) Yes 25
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Test Characteristic

Value (Range)

Varied in Sensitivity Analysis

Source

Compliance with CT Colonography- extrapolated using Flex Sig

0.63 (0.63, 1)

Yes

25
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